Combined heat and power dynamic economic dispatch (CHPDED) plays a key role in economic operation of power systems. CHPDED determines the optimal heat and power schedule of committed generating units by minimizing the fuel cost under ramp rate constraints and other constraints. Due to complex characteristics, heuristic and evolutionary based optimization approaches have became effective tools to solve the CHPDED problem. This paper proposes hybrid differential evolution (DE) and sequential quadratic programming (SQP) to solve the CHPDED problem with nonsmooth and nonconvex cost function due to valve point effects. DE is used as a global optimizer and SQP is used as a fine tuning to determine the optimal solution at the final. The proposed hybrid DE-SQP method has been tested and compared to demonstrate its effectiveness.
Introduction
In the past decades, increasing demand for power and heat resulted in the existence of combined heat and power (CHP) units, known as cogeneration or distributed generation. It produces electricity and useful heat simultaneously. While the efficiency of the normal power generation is between 50% and 60%, the power and heat cogeneration increases the efficiency around 90% [1]. Utilization of CHP units besides conventional thermal power generating units and heat-only units to satisfy heat and power load demands in an economical manner emphasizes the need to combined heat and power economic dispatch (CHPED). The objective of the CHPED problem is to determine both power generation and heat production from units by minimizing the fuel cost such that both heat and power demands are met while the combined heat and power units are operated in a bounded heat versus power plane. For most CHP units, the heat production capacities depend on the power generation. This mutual dependency of the CHP units introduce a complication to the problem [2] . In addition, considering valve point effects in the CHPED problem makes the problem nonsmooth with multiple local optimal point which makes finding the global optimal challenging.
Over the past few years, a number of approaches have been developed for solving the CHPED problem with complex objective functions or constraints such as Lagrangian Relaxation (LR) [3, 4] , Semidefinite Programming (SDP) [5] , augmented Lagrange combined with Hopfield neural network [6] , Harmony Search (HS) algorithm [1, 7] , Genetic Algorithm (GA) [8] , Ant Colony Search Algorithm (ACSA) [9] , Mesh Adaptive Direct Search (MADS) algorithm [10] , Self Adaptive Real-Coded Genetic Algorithm (SARGA) [2] , Particle Swarm Optimization (PSO) [11, 12] , Artificial Immune System (AIS) [13] , and Evolutionary Programming (EP) [14] . In [11, 13] , the valve point effects and the transmission line losses are incorporated into the CHPED problem.
The main drawbacks of the CHPED is that it may fail to deal with the large variations of the heat and power load demands due to the ramp rate limits of the units; moreover, it does not have the look-ahead capability. To overcome these drawbacks, combined heat and power dynamic economic dispatch (CHPDED) problem is formulated with the objective to determine the optimal heat and power schedule of the committed units so as to meet the predicted heat and power load demands over a time horizon at minimum operating cost under ramp rate constraints and other constraints [15] . CHPDED has a look-ahead capability which is necessary to schedule the load beforehand so that the system can anticipate sudden changes in power and heat demands in the near future. The ramp rate constraint is a dynamic constraint which is important to maintain the life of the generators [16] . Since the ramp rate constraint couples the time intervals, the CHPDED problem is a difficult optimization problem. If the ramp rate constraint is not included in the optimization problem, the CHPDED problem is reduced to a set of uncoupled CHPED problems that can easily be solved. The traditional dynamic economic dispatch (DED) problem which considers only conventional thermal units that provide only electric power has been studied by several authors (see e.g., [17, 18] and the review paper [16] ). However, the CHPDED problem has only been considered in [15, 19] .
Differential Evolution (DE) algorithm, which was proposed by Storn and Price [20] is a population-based stochastic parallel search technique. DE uses a rather greedy and less stochastic approach to problem solving compared to other evolutionary algorithms. DE has the ability to handle optimization problems with nonsmooth/nonconvex objective functions [20] . Moreover, it has a simple structure and a good convergence property, and it requires a few robust control parameters [20] . DE has been applied to the CHPED problem with nonsmooth and nonconvex cost functions in [21] .
The DE shares many similarities with evolutionary computation techniques such as Genetic Algorithms (GA) techniques. The system is initialized with a population of random solutions and searches for optima by updating generations. DE has evolution operators such as crossover and mutation. Although DE seems to be a good method to solve the CHPDED problem with nonsmooth and nonconvex cost functions, solutions obtained are just near global optimum with long computation time. Therefore, hybrid methods such as DE-SQP can be effective in solving the CHPDED problem with valve-point effects. Hybrid DE-SQP method has been used for solving the DED problem in [22, 23] .
The aim of this paper is to propose a hybrid DE-SQP method for solving the CHPDED problem with nonsmooth and nonconvex objective function. DE is used as a base level search for global exploration and SQP is used as a local search to fine-tune the solution obtained from DE. The effectiveness of the proposed method is shown for test system.
Problem Formulation
In this section, we formulate the CHPDED problem. The system under consideration has three types of generating units, conventional thermal units (TU), CHP units, and heat-only units ( ). The power is generated by conventional thermal units and CHP units, while the heat is generated by CHP units and heat-only units. The objective of the CHPDED problem is to minimize the system's production cost so as to meet the predicted heat and power load demands over a time horizon under ramp rate and other constraints. The following objectives and constraints are taken into account in the formulation of the CHPDED problem.
Objective Functions.
In this section, we introduce the cost function of three types of generating units, conventional thermal units, CHP units, and heat-only units.
Conventional Thermal Units. The cost function curve of a conventional thermal unit can be approximated by a quadratic function [24, 25] . Power plants commonly have multiple valves which are used to control the power output of the unit. When steam admission valves in conventional thermal units are first open, a sudden increase in losses is registered which results in ripples in the cost function [16, 26] . This phenomenon is called as valve-point effects. The generator with valve-point effects has very different input-output curve compared with smooth cost function. Taking the valve-point effects into consideration, the fuel cost is expressed as the sum of a quadratic and sinusoidal functions [17, 19, 27] . Therefore, the fuel cost function of the conventional thermal units is given by
where , , and are positive constants, and are the coefficients of conventional thermal unit reflecting valvepoint effects, CHP Units. A CHP unit has a convex cost function in both power and heat. The form of the fuel cost function of CHP units can be given by [5, 19] CHP ( Heat-Only Units. Cost: The cost function of heat-only units can take the following form [5, 19] :
3 wherẽ,̃, and̃, are the fuel cost coefficients of heat-only unit and they are constants. Let be the number of dispatch intervals and let + + ℎ be the number of committed units, where is the number of conventional thermal units, is the number of the CHP units, and ℎ is the number of the heat-only units. Then the total fuel cost over the dispatch period [0, ] is given by
where PH = (PH 1 , PH 2 , . . . , PH , . . . , PH ) , PH = (P TU ,
, and H = ( 1, , 2, , . . . , ℎ , ) . The CHPDED problem can be mathematically formulated as a nonlinear constrained optimization problem as
subject to the constraints. Power production and demand balance:
where , and Loss are the system power demand and transmission line losses at time (i.e., the th time interval), respectively. The B-coefficient method is one of the most commonly used methods by power utility industry to calculate the network losses. In this method, the network losses are expressed as a quadratic function of the unit's power outputs that can be approximated in the following:
where
and is the th element of the loss coefficient square matrix of size + . Heat production and demand balance:
where , is the system heat demand at time . Capacity limits of conventional thermal units: ). Capacity limits of heat-only units:
where ,min and ,max are the minimum and maximum heat capacities of heat-only unit , respectively. Upper/down ramp rate limits of conventional thermal units:
where TU and TU are the maximum ramp up/down rates for conventional thermal unit [16] .
Upper/down ramp rate limits of CHP units:
where CHP and CHP are the maximum ramp up/down rates for CHP unit [19] .
Differential Evolution Method
DE is a simple yet powerful heuristic method for solving nonlinear, nonconvex, and nonsmooth optimization problems. DE algorithm is a population-based algorithm using three operators: mutation, crossover, and selection to evolve from randomly generated initial population to final individual solution [20] . In the initialization, a population of target vectors (parents) = { 1 , 2 , . . . , }, = 1, 2, . . . , is randomly generated within user-defined bounds, where is the dimension of the optimization problem. Let = { 1 , 2 , . . . , x } be the individual at the current generation 4 Mathematical Problems in Engineering Table 2 : Heat load demand of the eleven-unit system. 10  460  11  470  12  480  13  470  14  460  15  450  16  450  17  420  18  435  19  445  20  450  21  445  22  435  23  400  24  400 . A mutant vector
Time (h)
with randomly chosen integer indexes 1 , 2 , 3 ∈ {1, 2, . . . , }. Here F is the mutation factor. According to the target vector and the mutant vector +1 , a new trial vector (offspring)
where = 1, 2, . . . , , = 1, 2, . . . , , and rand( ) is the th evaluation of a uniform random number between [0, 1]. ∈ [0, 1] is the crossover constant which has to be determined by the user.
( ) is a randomly chosen index from 1, 2, . . . , which ensures that +1 gets at least one parameter from +1 [20] . The selection process determines which of the vectors will be chosen for the next generation by implementing one-to-one competition between the offsprings and their corresponding parents. If denotes the function to be minimized, then
where = 1, 2, . . . , . The value of of each trial vector +1 is compared with that of its parent target vector . The above iteration process of reproduction and selection will continue until a user-specified stopping criteria is met.
In this paper, we define the evaluation function for evaluating the fitness of each individual in the population in DE algorithm as follows:
where 1 and 2 are penalty values. Then the objective is to find min , the minimum evaluation value of all the individuals in all iterations. The penalty term reflects the violation of the equality constraints. Once the minimum of is reached, the equality constraints are satisfied.
Sequential Quadratic Programming Method
SQP method can be considered as one of the best nonlinear programming method for constrained optimization problems [28] . It outperforms every other nonlinear programming method in terms of efficiency, accuracy, and percentage of successful solutions over a large number of test problems. The method closely resembles Newton's method for constrained optimization, just as is done for unconstrained optimization. At each iteration, an approximation is made of the Hessian of the Lagrangian function using BroydenFletcher-Goldfarb-Shanno (BFGS) quasi-Newton updating method. The result of the approximation is then used to generate a Quadratic Programming (QP) subproblem whose solution is used to form a search direction for a line search procedure. Since the objective function of the CHPDED problem is nonconvex and nonsmooth, SQP ensures a local minimum for an initial solution. In this paper, DE is used as a global search and finally the best solution obtained from DE is given as initial condition for SQP method as a local search to fine-tune the solution. SQP simulations can be computed by the fmincon code of the MATLAB Optimization Toolbox.
Simulation Results
In this section, we present an eleven-unit test system. The hybrid DE-SQP method is applied to the CHPDED problem, where three types of generating units, conventional thermal units, CHP units, and heat-only units, are considered. In DE-SQP method, the control parameters are chosen as = 80, F = 0.423, and = 0.885. The maximum number of iterations is selected as 20, 000. The results represent the average of 30 runs of the proposed method. All computations are carried out by MATLAB program.
Eleven-Unit System. This system consists of eight conventional thermal units, two CHP units, and one heat-only unit. The CHPDED problem is solved by hybrid DE-SQP method. The technical data of conventional thermal units, the matrix , and the power demand are taken from the ten-unit system presented in [27] . The 5th and 8th conventional units in [27] were replaced by two CHP units. The technical data of the two CHP units and the heat-only unit are taken from [19] and are given in Table 1 . The heat demand for 24 hours is given in Table 2 . The feasible operating regions of the two CHP units are taken from [3] and are given in Figures 1 and 2 .
The best solution of the CHPDED problem obtained by DE-SQP algorithm is given in Table 3 . The best cost and transmission line losses are also given in Table 3 . 
Conclusion
This paper presents a hybrid method combining DE and SQP for solving the CHPDED problem with valve-point effects. In this paper, DE is first applied to find the best solution. This best solution is given to SQP as an initial condition to fine-tune the optimal solution at the final. The feasibility and efficiency of the DE-SQP were illustrated by conducting case study with eleven-unit test system.
